heart valve; signaling pathways; extracellular matrix; nodule formation; myofibroblast ALTHOUGH CALCIFIC AORTIC VALVE DISEASE (CAVD) is the third most common cardiovascular disorder in the United States (45) , it remains relatively poorly understood at the molecular level. Valvular interstitial cells (VICs) are the most prominent cell type in the native valve leaflet and are believed to play a major role in CAVD (7, 44, 53, 58) . Many factors are thought to influence valve calcification, including various cytokines (21, 28, 61) , mechanical stimuli (38, 39, 65) , and extracellular matrix (ECM) composition (16, 33, 47) . Although the majority of VICs within healthy adult valves are quiescent, fibroblastlike cells, the overall VIC population is both heterogeneous and plastic, capable of differentiation toward multiple different mesenchymal lineages (4, 28) . The calcification of valves has been associated with the transdifferentiation of quiescent VICs to a contractile, myofibroblastic phenotype [termed activated VICs (aVICs)] or an osteoblast-like phenotype [termed osteoblast-like VICs (obVICs)] (28) .
Although myofibroblasts are present in the resident VIC population in aortic valves, they represent Ͻ1% of the total VIC population in healthy valves (39) . In contrast, calcified valves and nodule-forming VIC cultures tend to be rich in VICs that have differentiated to a myofibroblastic phenotype and stain positively for ␣-smooth muscle actin (␣-SMA) (41, 61) . These ␣-SMA-positive valvular myofibroblasts are believed to participate in valve calcification via dystrophic mechanisms. Dystrophic calcification is found in ϳ83% of calcified valves (32) and is accompanied by both a significant increase in apoptosis and the increased presence and prolonged activation of ␣-SMA-positive cells (28) . Meanwhile, ossification is associated with deposition of bone minerals by obVICs, mirroring the process of bone tissue formation (44) . Ossification generally does not involve apoptotic mechanisms and is found in a minority (ϳ13%) of calcified valves (32) .
Rho family GTPases (which includes Rho, Rac, and Cdc42) are regulatory molecules that, in addition to other functions, provide a link between cell surface receptors and actin cytoskeleton organization (15) . RhoA has been directly implicated in regulating the formation of actin stress fibers, as evidenced by the induction of stress fibers and focal adhesions in fibroblasts upon microinjection of an activated mutant form of RhoA (46) . As discussed in the following sections, there are numerous indicators that point toward the Rho/Rho kinase (ROCK) signaling pathway as a potential regulator of heart valve calcification. Namely, the Rho/ROCK pathway is involved in 1) inducing contractility and stress fiber formation, which are features found in diseased valves (6, 7, 41, 42, 46, 48, 61) ; 2) effecting the actions of transforming growth factor (TGF)-␤ 1 , which is a known potent inducer of VIC calcification (1, 21, 47, 61) ; and 3) positively regulating mineralization in other cell populations, such as smooth muscle cells (SMCs) (25, 51) and mesenchymal stem cells (30) .
In the cardiovascular system, Rho plays important roles in regulating proper smooth muscle and endothelial cell function (34, 48, 66) . ROCK may be present in two isoforms, ROCK1 and ROCK2, with the latter being highly expressed in the heart (54) . ROCK is the downstream effector molecule of RhoA (49) , and it also mediates a wide range of cell behaviors, such as morphology (50) , migration (46) , proliferation (10) , and apoptosis (37) . However, there is growing evidence that Rho and ROCK contribute to the initiation and progression of various cardiovascular diseases (27, 48) . In the context of vascular pathologies, ROCK is involved in vascular inflammation and remodeling (24) , restenosis (52) , hypertension, atherosclerosis (29) , and calcification (51) . For these reasons, Rho/ROCK also represents a powerful therapeutic target (19, 45, 54) . Clinical administration of a ROCK inhibitor (fasudil) has been successful in treating several of the aforementioned cardiovascular diseases (27, 54) . Furthermore, 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors, commonly termed "statins," are thought to exert many of their pleiotropic effects via inhibition of the Rho pathway (12, 25, 27) . Statins can inhibit the isoprenylation of small GTPases such as Rho (12) , and the anticalcific effects of statins on vascular SMCs are believed to be related to inhibition of both RhoA and ROCK (25) . A recent publication from our own group (33) has also linked statin-induced decreases in the calcific activity of VICs to inhibition of ROCK.
There is currently no Federal Drug Administration-approved treatment available to halt the progression of valvular calcification. This lack of therapeutics is due, in part, to our incomplete understanding of the etiology of valvular disease and its underlying mechanisms. We propose that the RhoA/ROCK pathway is involved in mediating the processes that can eventually lead to valvular calcification and thus studied the role of RhoA/ROCK signaling in regulating the phenotype and formation of nodules in in vitro cultures of VICs. The goal of such an investigation was to gain a better understanding of the factors that regulate CAVD with the hopes of identifying potential therapeutic targets for preventing its occurrence or stopping its progression.
MATERIALS AND METHODS
All chemicals and cell culture solutions were obtained from SigmaAldrich (St. Louis, MO) unless otherwise noted.
VIC isolation and culture. VICs were isolated from porcine aortic valve leaflets (Hormel, Austin, MN) by collagenase digestion as previously described (22) and cultured in growth medium (15% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin in medium 199) at 37°C and 5% CO 2 for two to four passages. Unless otherwise specified, VICs used in all experiments were seeded at a density of 50,000 cells/cm 2 onto 24-or 96-well plates. During the execution of experiments, VICs were cultured in low-serum medium (1% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine in medium 199), and the medium was changed each day until day 5.
Substrate preparation. To produce culture environments that differ in their ability to support VIC nodule formation, culture surfaces were modified as described in Ref. 47 . To produce environments that do not support nodules, tissue culture polystyrene (TCPS) plates (24 or 96 wells) were coated with type I collagen (Coll; Inamed Biomaterials, Fremont, CA, 2 g/cm 2 ) or fibronectin (FN; 5 g/cm 2 ). For noduleforming environments, TCPS wells were coated with fibrin (FB; 1.5 g/cm 2 ) as described previously (14) or left untreated. The amounts of adsorbed proteins were measured on separate plates using a MicroBCA Protein Assay (Pierce, Rockford, IL) according to the manufacturer's instructions to verify adsorption.
RhoA and ROCK activity assays. ROCK activity was assayed using an ELISA-based Cyclex ROCK assay kit (Cyclex, Nagano, Japan). After 1, 3, or 5 days of culture in nodule-forming or negative control environments, VIC samples were lysed at 4°C in 200 l TRI reagent (Molecular Research Center, Cincinnati, OH) supplemented with 1ϫ protease inhibitor cocktail (BD Biosciences, San Jose, CA) and processed to obtain RNA, DNA, and protein fractions. After the RNA fraction of the TRI lysate was removed as described below, the remaining solution, which contained DNA and proteins, was mixed with 0.2 ml ethanol/600 l TRI reagent, stored at room temperature for 5 min, and then centrifuged at 2,000 g for 5 min. After centrifugation, DNA was precipitated, and 300 l of the aqueous phase were further processed for protein isolation by mixing with 900 l acetone; this mixture was then centrifuged at 12,000 g for 10 min. Proteins were precipitated at the bottom of the tube and washed with 0.5 ml wash solution (0.3 M guanidine hydrochloride in 95% ethanol and 2.5% glycerol). After being centrifuged at 8,000 g for 5 min, the supernatant was removed, and the protein pellets were further washed two times with 1 ml of the washing solution. Protein pellets were purified with a final wash of 1 ml ethanol containing 2.5% glycerol with gentle rotation for 10 min. Proteins were then air dried, dissolved in 300 l of 1% SDS, and stored at 4°C for use in the ROCK activity assay.
Using these purified protein samples, the ROCK activity assay was then executed according to the manufacturer's instructions. The principle of this assay involves incubating samples in plates precoated with a substrate corresponding to the COOH-terminus of the myosinbinding subunit of myosin phosphatase (MBS), which contains a threonine residue (Thr 696 ) that can be phosphorylated by ROCK (both ROCK1 and ROCK2). This is followed by the addition of the detection antibody, which is the horseradish peroxidase (HRP) conjugate of AF20, an antibody that specifically detects only the phosphorylated form of Thr 696 on MBS. Chromogenic development was performed using tetramethylbenzidine, with the final sample absorbance read at 450 nm (Synergy HT plate reader, Bio-Tek Instruments, Winooski, VT).
RhoA activity was assayed using an ELISA-based G-LISA RhoA Activation Assay (Cytoskeleton, Denver, CO). This quantitative assay detects the active GTP-bound form of RhoA but not the inactive GDP-bound form. Cells were lysed with kit-provided buffer, and a portion of the lysate from each condition was analyzed for total protein concentration for normalization of sample loading. Samples were then loaded in the assay plate, and the manufacturer's instructions were followed to detect RhoA. Absorbance results of the final chromogenic reaction were read at 490 nm.
Rho pathway stimulation and inhibition. In Rho stimulation experiments, VICs on the aforementioned coatings (Coll, FN, FB, and uncoated TCPS) were treated with oleoyl-L-␣-lysophosphatidic acid sodium salt (LPA; 20 M, Cayman Chemical, Ann Arbor, MI). LPA is a natively occurring phospholipid that activates the small GTPases Ras, Rac, and RhoA (55) . Thus, to isolate the contribution of Rho in LPA-induced effects, cells were also treated with a combination of LPA and the ROCK inhibitor (S)-(ϩ)-2-methyl-1-[(4-methyl-5-isoquinolinyl)sulfonyl]homopiperazine (H1152; 5 M, Calbiochem, San Diego, CA) (18) . All treatments were administered starting 24 h after cell seeding and were reapplied every other day until day 5, at which point nodule formation was assessed as described below.
In Rho inhibition experiments, VICs on ECM-coated substrates were treated with H1152, a specific ROCK inhibitor (18) . Twentyfour hours after cell seeding, medium in all plates was changed and supplemented with H1152 (5 M) or left untreated. This inhibitor was applied every other day until day 5, at which point nodules, apoptosis, and phenotype were assessed as described below. These experiments were repeated using an alternative ROCK inhibitor, (R)-(ϩ)-trans-4-(1-aminoethyl)-N-(4-pyridyl)cyclohexanecarboxamide dihydrochloride monohydrate (Y27632; 5 M, Calbiochem), to confirm the ROCK specificity of these inhibition experiments. Both H1152 and Y27632 are cell permeable, highly specific, and potent (Ki: 1.6 and 140 nM, respectively) compounds that inhibit ROCK by competing with ATP for its binding to the kinase (18) . H1152 exhibits weaker affinity for other serine/threonine kinases (Ki: 630 nM for PKA, 9.27 mM for PKC, and 10.1 mM for myosin light chain kinase) and is more potent and selective than Y27632. The ability of LPA to stimulate ROCK activity and the ability of both H1152 and Y27632 to inhibit ROCK activity was confirmed by performing a ROCK activity assay on samples treated with LPA, H1152, or Y27632 as described above.
Quantification of nodule number and size. After 5 days of culture in the presence of absence of LPA or a ROCK inhibitor, VIC cultures were stained with alizarin red S, which stains mineralized deposits red, to facilitate the quantification of nodules. Cultures were fixed with 10% neutral buffered formalin, stored at 4°C overnight, and stained with a 2% solution of alizarin red S in PBS. Positively stained nodules were manually counted under a microscope (Olympus IX51 with a Hamamatsu 285 digital camera and Simple PCI digital imaging software, Compix, Imaging Systems, Cranberry Township, PA). Nodule size was measured using ImageJ software (NIH; http://rsb.info. nih.gov/ij/), and photomicrographs were captured under ϫ40 and ϫ100 magnifications.
␣-SMA detection. Standard immunocytochemical methods were used to qualitatively examine ␣-SMA expression. Briefly, samples were fixed in 3.7% formaldehyde, blocked overnight in 5% BSA in PBS, permeabilized with 0.1% Triton X-100, and then incubated with an antibody to ␣-SMA (monoclonal, mouse, clone 1A4, 5 g/ml) for 1.5 h, goat anti-mouse Alexa Fluor 488 (Invitrogen, 1:1,000 dilution) for 1 h, and photographed at ϫ100 and ϫ400.
Similar procedures were followed to obtain quantitative data for the amount of ␣-SMA in VIC cultures. On day 3 of culture, VICs were fixed, permeabilized, blocked as described above, and then incubated with anti-␣-SMA primary antibody for 2.5 h. Samples were then washed several times with PBS and incubated with HRP-conjugated goat anti-mouse antibody (Pierce) diluted 1:5,000 in 1% BSA in PBS and applied to all plates for 1 h, followed by a 30-min incubation with 1-Step Turbo TMB-ELISA (Thermo Fisher Scientific, Waltham, MA). Development of the colorimetric reaction was stopped with 1 N H 2SO4, and absorbance was read at 450 nm. After ␣-SMA detection, all plates were washed several times with PBS, counterstained with 4=,6-diamidino-2-phenylindole (DAPI; 1 g/ml), and measured for fluorescence (excitation: 340 nm and emission: 440 nm) to normalize absorbance results to cell number.
Quantification of cell proliferation. At time points of 3 and 5 days, proliferation was measured via the Click-iT EdU quantitative proliferation assay (Invitrogen) according to the manufacturer's instructions. Briefly, VICs were incubated for 10 h with 10 M 5-ethynyl-2=-deoxyuridine (EdU), a nucleoside analog of thymidine incorporated during cell division, followed by fixation in 3.7% formaldehyde and permeabilization in 0.5% Triton X-100. The detection chemistry is based on a click reaction between the EdU alkyne group and the azide in Alexa Fluor 488, resulting in fluorescent green staining of proliferating cells. Cell nuclei were counterstained with DAPI (1 g/ml), and cellular proliferation was calculated as the number of proliferating cells divided by the total number of cells in 4 photomicrographs/well (4 wells/condition).
Apoptosis assay. Apoptosis was measured using an ELISA-based HT TiterTACS Assay kit (Trevigen, Gaithersburg, MD), which detects DNA fragmentation. At days 1 and 5, cells were fixed in 3.7% buffered formaldehyde solution for 7 min, washed with PBS, and postfixed in 100% methanol for 20 min. Following the manufacturer's instructions, cells were permeabilized with proteinase K, quenched with 2.5% H2O2 in methanol, and then incubated with the labeling reaction mix (TdT, biotin-dNTP, and unlabeled dNTP) to label breaks in DNA. Streptavidin-HRP and then TACS-Sapphire were added to the wells to detect apoptotic cells; the reaction was stopped with 2 N HCl, and absorbance was read at 450 nm.
RNA isolation. As noted earlier, VIC samples were lysed in TRI reagent; RNA was then isolated from this lysate according to the manufacturer's instructions. The homogenate was stored at room temperature for 5 min to complete the dissociation of nucleoprotein complexes, at which point 0.15 ml chloroform/600 l TRI reagent was added to the homogenate, followed by centrifugation at 13,000 g for 15 min. After centrifugation, RNA was precipitated from the upper aqueous phase by adding 0.3 ml isopropanol/600 l TRI reagent to the tubes and then centrifuging at 13,000 g for 8 min. After this centrifugation step, the RNA pellet was washed with 75% ethanol and centrifuged at 8,000 g for 5 min. The RNA pellet was air dried and dissolved in 75 l H2O at 60°C for 15 min. RNA samples were stored at Ϫ20°C until subsequent use.
Quantitative real-time PCR analysis. Custom primers for various markers of myofibroblastic and osteogenic activity were obtained from Invitrogen and are shown in Table 1 . For cDNA construction, 250 ng of original RNA isolated from samples were reverse transcribed using iScript (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer's instructions.
Samples were processed for real-time PCR by combining 0.5 l of the cDNA construction, 5 M primers, and SYBR green SuperMix (Bio-Rad) in a 15-l reaction as specified in the manufacturer's protocol. A standard thermocycling protocol was used: 40 cycles of denaturing at 95°C for 15 s followed by annealing at 60°C for 1 min; this was followed by a melting curve analysis for 80 cycles of 55°C ϩ 0.5°C/cycle, 10 s/cycle, to further confirm the purity of the final PCR products, with each condition performed in triplicate (iCycler iQ Real-Time PCR Instrument, Bio-Rad). Data analysis was performed using a standard comparative threshold cycle (C t) (or ⌬⌬Ct) method.
The Ct values of all samples were first normalized to ␤-actin as an internal control, and the ⌬Ct values for experimental samples were then further normalized to the negative control (VICs on Coll, which represented a condition that did not support nodule formation).
Statistics. All experiments were performed a minimum of three separate times, with n Ն 3. Data were compared using ANOVA with Tukey's honestly significant difference post hoc test. P values of Յ0.05 were considered statistically significant. Data are presented as means Ϯ SD.
RESULTS

Activation of intracellular signaling pathways.
To better understand the factors that cause VICs to form nodules, it is valuable to compare a condition that does not permit nodule formation against a condition that is associated with extensive nodule formation. Previous work (13, 14, 33, 47) demonstrated that this goal can be achieved by culturing VICs on substrates coated with different ECM-derived molecules. Spontaneously nodule-forming cultures of VICs can be formed by culturing the cells on either FB or unmodified TCPS, whereas VICs on Coll or FN are relatively resistant to nodule formation. Capitalizing on these differences, these four substrates were used to generate VIC cultures that exhibited differential nodule-form- ing capacities to be studied with respect to RhoA/ROCK characterization. It should be noted that nodule formation and related cellular events in this study were examined in the absence of osteogenic differentiation medium. The active forms of RhoA (RhoA-GTP) and ROCK were quantified in both quiescent and nodule-forming VIC cultures. Compared with VIC cultures that did not allow nodule formation, the activation of both RhoA and ROCK in noduleforming cultures was significantly increased at the day 5 time point (Fig. 1A) . ROCK activity was also quantified at time points that preceded nodule formation, namely, days 1 and 3 of VIC culture on the different substrates. No significant differences in ROCK activity across these culture conditions were observed on day 1, but ROCK activity did display statistically significant trends as early as day 3 (Fig. 1B) . Specifically, ROCK activity in VICs cultured in nodule-forming environments (TCPS and FB) was significantly higher than that found in the VIC cultures that did not support nodules (Coll and FN) .
A validation experiment confirmed that administration of the Rho activation agent LPA significantly elevated ROCK activity, whereas administration of the ROCK inhibitors H1152 or Y27632 successfully decreased ROCK activity in VIC cultures (Fig. 1C) . The elevation of ROCK activity induced by LPA was also accompanied by a corresponding increase in nodule formation in VIC cultures (Fig. 1D) . Stimulation with LPA increased nodule formation on all substrate surfaces, including those that do not normally permit nodule formation (e.g., Coll and FN). Because LPA can stimulate Rac and Ras GTPases in addition to Rho, the contribution of Rho activation in these experiments was explored by concomitant administration of LPA with the ROCK inhibitor H1152. Through this treatment, we were able to discern whether the increase in nodule forma- tion obtained via the application of LPA was due to its activation of Rho or of the alternative pathways (Rac and Ras) that it affects. When administered in combination with a Rho pathway inhibitor (H1152), LPA was no longer able to produce an increase in VIC nodule formation (Fig. 1D) , indicating that the increased Rho activity was at least partly responsible for the increase in nodule formation induced by LPA.
Inhibition of the Rho pathway affects VIC nodule formation. Blocking the Rho pathway via treatment with H1152 led to a significant decrease in the number of nodules formed in all conditions (Fig. 2A) . The Rho specificity of these results was confirmed via administration of a different ROCK inhibitor, Y27632, which also significantly reduced nodule formation in all conditions (Fig. 2A) . However, while treatment with H1152 was shown to significantly reduce nodule number in all conditions, this decrease in nodule number was consistently accompanied by significant increases in average nodule size (Fig.  2B) for all conditions and the total calcified area (Fig. 2C ) in the case of FB. Also, although ROCK inhibition reduced the total nodule area in several conditions, H1152 treatment was much less effective when applied to VICs on FB. These observations were qualitatively confirmed by representative photomicrographs of the VIC cultures (Fig. 3) . The occurrence of dramatically larger nodules in the H1152-treated conditions is clearly shown in these photomicrographs.
Relationship between ␣-SMA and the extent of nodule formation. Staining for ␣-SMA, a cytoskeletal protein associated with contractility and activation of the Rho pathway (15), revealed a similar trend to that found for nodule formation. Specifically, VICs cultured on Coll or FN or treated with ROCK inhibitors while cultured on TCPS displayed relatively weak and diffuse ␣-SMA staining, as shown in Fig. 4A . In contrast, ␣-SMA-positive stress fibers were evident in VICs cultured on TCPS, and LPA (Rho activation) treatment of these cells further enhanced the intensity of ␣-SMA expression. Consistent with previous reports (2, 47), cells located in nodules stained positively for ␣-SMA (Supplemental Material, Supplemental Fig. 1) , 1 although the three-dimensional nature of the nodule and the lower magnification needed to image the entire nodule do not allow individual stress fibers to be distinguished. Quantitative analysis of ␣-SMA further confirmed the presence of increased levels of ␣-SMA in VIC cultures that contained a greater number of nodules (Fig. 4B) . Specifically, the addition of LPA significantly increased ␣-SMA levels, whereas culture on Coll or treatment with H1152 significantly reduced ␣-SMA levels compared with untreated TCPS.
Impact of ROCK inhibition on VIC proliferation and apoptosis. The Rho pathway can affect many cell processes, including proliferation and apoptosis, which are often involved in the progression of calcific valvular disease (3, 43) . Thus, proliferation and apoptosis of VICs were examined in the presence or absence of the ROCK inhibitor H1152. As shown in Fig. 5 , administration of H1152 significantly increased VIC proliferation in all conditions. The photomicrographs shown in Supplemental Fig. 2 also support this finding. Quantitative measurement of apoptosis in VIC cultures revealed dramatic differences across the various culture conditions. On day 1, before the formation of any nodules in any condition, trends in nodule formation had already emerged when the culture substrates that supported nodule formation (TCPS and FB) were compared with the substrates that did not (Coll and FN) or when H1152 administration compared with no treatment (Fig. 6A) . Specifically, in the absence of H1152, the least amount of apoptosis was found on Coll and FN, whereas TCPS was 1 Supplemental Material for this article is available at the American Journal of Physiology-Heart and Circulatory Physiology website. B: average nodule size. C: total nodule area/well. NA, not applicable, as the presence of zero nodules means that individual nodule sizes could not be measured. *P Ͻ 0.0001 compared with the corresponding untreated extracellular matrix (ECM) condition. associated with the highest apoptosis level. Also on day 1, the addition of H1152 had already significantly decreased apoptosis of VICs on all surfaces except FB. At the day 5 time point, these basic trends had strengthened even further (Fig. 6B) . Notably, apoptosis of VICs in the Coll and FN environments was significantly lower than in both of the nodule-forming environments. Moreover, by day 5, H1152 treatment was associated with significantly decreased apoptosis levels for all conditions, including FB.
Impact of ROCK inhibition on the VIC phenotype. The expression of various markers of aVICs and obVICs (or dystrophic and ossific calcification, respectively) was quantified via real-time PCR to examine whether the nodule formation trends induced by H1152 treatment were due to stimulation of a myofibroblastic or osteoblastic cell phenotype. To meet this objective, these analyses focused on the conditions in which nodule formation was consistently achieved, namely, FB and TCPS. Previous publications describing VIC nodule formation and calcification have shown that calcifying VICs express markers related to their myofibroblastic phenotype [i.e., matrix metalloproteinase (MMP)-1, MMP-13, and heat shock protein (HSP)47] and/or markers related to osteogenic differentiation [i.e., alkaline phosphatase (ALP), osteocalcin (OCN), and core-binding factor-␣1 (CBF-␣1)] (14, 28, 31, 41, 47, 56,  58) . Although TGF-␤ 1 expression is more frequently associated with a myofibroblastic VIC phenotype, it can also participate in the osteogenic differentiation of vascular cell types (61, 62, 64) .
The results shown in Fig. 7A demonstrate that the trends in nodule formation by VICs on TCPS were generally matched by the changes in the expression of myofibroblastic and osteoblastic markers. Specifically, compared with a noncalcifying negative control, untreated VICs cultured on TCPS demonstrated elevated mRNA levels for all markers analyzed: HSP47, MMP-1, MMP-13, ALP, CBF-␣1, OCN, and TGF-␤ 1 . In a trend that mimicked the H1152-induced reduction of nodules in these cultures, the addition of H1152 to VICs on TCPS decreased the expression of several of the disease markers (HSP47, MMP-1, and MMP-13) relative to the untreated TCPS condition. Meanwhile, the results shown in Fig. 7B demonstrate that untreated VICs on FB also exhibited elevated expression levels of most markers analyzed (HSP47, MMP-13, ALP, OCN, and TGF-␤ 1 ) relative to the negative control. In keeping with the minimal reduction in nodule formation obtained for H1152-treated VICs on FB, treatment with H1152 did not drastically alter expression of most of these markers, with only TGF-␤ 1 expression being significantly lowered by the addition of H1152. Interestingly, in both TCPS and FB environments, the addition of H1152 resulted in a dramatic increase in ALP expression.
DISCUSSION
Much of what is currently known about valvular disease comes from the end-point analysis of explanted diseased valves (3, 31, 44, 57, 63) . Unfortunately, such analyses can provide only limited information about the stimuli and underlying processes that contribute to the initiation and progression of valve calcification. Recent studies (32, 35) have implicated the Runx2/CBF-␣1 and canonical Wnt/Lrp5/␤-catenin pathways, which are involved in osteogenesis, as positive regulators of valve calcification. However, it is unlikely that valve calcification can be fully explained by the regulation of solely these two pathways. Because of its involvement in contractile mechanisms and various types of vascular disease, the Rho pathway emerged as a likely candidate for participation in valve calcification. Thus, in this work, we took a step toward characterizing the role of RhoA and ROCK in regulating the VIC phenotype and the in vitro formation of nodules by these cells. Although not equivalent to the direct measurement of calcification, the processes of VIC differentiation, proliferation, apoptosis, and nodule formation can serve as important indicators of the development of VIC dysfunction.
Our results indicate that aVICs share several similarities with other myofibroblastic cell types, where it has been demonstrated that the activation of Rho and ROCK activity accompanies the differentiation of fibroblasts into myofibroblasts, expression of ␣-SMA, assembly of a robust stress fiber network, and subsequent generation of continuous isometric tension on the cell's extracellular environment (17, 59, 67) . This Rho-induced sustained contraction of myofibroblasts has been found to result in the deformation of the ECM structure (59), a phenomenon that has also been documented in VIC populations, acting as a critical step preceding nodule formation (61) . In our VIC cultures, both RhoA and ROCK activity as well as ␣-SMA-positive stress fibers were found to be higher in cul- tures that formed nodules (FB and TCPS) than in those that were less permissive of nodule formation (Coll and FN) , suggesting that Rho upregulation may be related to nodule formation. These findings were confirmed via experiments that measured the impact of intentional Rho activation or inhibition on nodule formation. Namely, administration of an agent that induced Rho activation (LPA) further increased nodule formation in all conditions, whereas administration of a ROCK inhibitor (H1152 or Y27632) dramatically decreased nodules in these cultures. Because LPA can activate other small GTPases, such as Ras and Rac, it was also administered concomitantly with H1152 to elucidate the contribution of Rho in these results. Nodule formation in cultures that received both LPA and H1152 was lowered back to levels of the unstimulated controls, demonstrating that the increase in nodule formation achieved via administration of LPA was likely due to its ability to elevate Rho activity.
With respect to ROCK inhibition, it was found that the addition of H1152 significantly decreased the number of nodules across all culture conditions. However, the magnitude of that decrease on FB was far smaller than that seen for the TCPS condition. Moreover, the average area of nodules in the FB condition increased by 2.5-fold upon blocking ROCK, resulting in a net increase in total nodule area relative to the untreated control. It is also worth noting that untreated VICs on FB exhibited almost a 30-fold increase in ALP expression levels compared with the negative control, whereas the ALP increase on TCPS was much more modest (ϳ3.5-fold). As noted earlier, the heterogeneous VIC population can differentiate to give rise to multiple phenotypes of cells, including aVICs (myofibroblasts) and obVICs (osteoblast-like cells), that can participate in dystrophic and ossific calcification processes, respectively. Thus, our findings come together to provide further evidence for a hypothesis proposed in our previous work (47) , namely, that VIC nodule formation on FB involves more osteogenic activity than the nodule formation events that occur on TCPS. Moreover, with respect to the VIC phenotype, our results indicate that ROCK inhibition was most effective at lowering markers related to myofibroblastic activity (HSP47 and MMPs). Because Rho is an effector for a myofibroblastic phenotype in VICs, it is reasonable to expect that blocking this contractile-related pathway would have the greatest success in inhibiting the dystrophic, but not ossific, mechanisms that lead to nodule formation. Application of this reasoning to these experiments would explain why H1152 drastically decreased nodule formation in the TCPS environment but not in the FB condition, where the latter may be forming nodules via both dystrophic and osteogenic mechanisms.
As noted in the presentation of phenotype results, the administration of H1152 also resulted in a large upregulation of ALP expression by VICs on both TCPS and FB. This increase in ALP upon ROCK inhibition is, in fact, consistent with recent findings describing the mineralization of mesenchymal cells and vascular SMCs after treatment with a ROCK inhibitor (5, 23) . Specifically, the application of fasudil or Y27632 to stromal stem cell lines or SMCs, respectively, resulted in a significant elevation of ALP (5, 23) and mineralization through ossific mechanisms (23) . In our work, the concomitant decrease in apoptotic cells with an increase in osteoblastic activity may indicate that many of the nodules formed on cultures treated with H1152 were via osteogenic more so than dystrophic mechanisms. Although the factors that regulate nodule size are not known, the alteration in the type of calcification that we propose is occurring in these conditions may provide an explanation for the significant differences in nodule morphology and size observed upon H1152 treatment. Together with the findings that H1152 was most effective at lowering expression of only the myofibroblastic genes, these observations further support the emerging indication that blockade of ROCK can successfully inhibit nodule formation that occurs via dystrophic mechanisms but not that which occurs via osteogenic activity.
While it is clear that ROCK inhibition via H1152 exerted some nodule inhibition effects by virtue of its ability to regulate the VIC phenotype and attenuate the expression of myofibroblastic markers, this compound also impacted other VIC functions that may participate in processes that are important in valve calcification. Most notably, H1152 treatment significantly inhibited apoptosis in VIC cultures. Although not all cell types respond to ROCK inhibition with a decrease in apoptosis (36) , in most cell types the actin-myosin II contractile forces generated via ROCK activity are necessary for the membrane blebbing that is an essential part of apoptosis (8, 9) . In the present study, the presence of differences in apoptosis before the formation of any nodules suggests that the decreased apoptotic activity contributed to decreased nodule formation rather than being a resulting consequence of simply having less nodules in the sample. Thus, it is possible that H1152 also acts to inhibit nodule formation via the inhibition of apoptosis. This finding is consistent with the previous results (40) that demonstrated that increased apoptosis precedes calcification in SMC cultures and that these apoptotic bodies may act as nucleating structures for calcium crystal formation. Recent work by our group (14) also supports these data, as we found that administration of a direct apoptosis inhibitor can significantly decrease apoptosis in a dose-dependent manner. Thus, in the present study, the rather modest decrease in apoptosis of H1152-treated VICs on FB may be yet another factor contributing to the lack of inhibition of nodule formation found for this condition. Cell proliferation is also considered a hallmark feature of aortic valve disease (43) , but a proliferation assay demonstrated that the decrease in nodule number caused by H1152 was not due to a decrease in VIC proliferation. In fact, in contrast to findings for SMCs (52) , inhibition of Rho kinase activity in VIC cultures significantly increased cell proliferation. It is possible that this increase in proliferation contributed to the formation of larger nodules in H1152-treated cultures, although further experiments are needed to confirm this hypothesis.
The nodule-forming conditions created for this work were achieved via adsorption of different protein coatings to the culture substrates, so it is likely that integrin-initiated events underlie many of the observations made herein. Diseased valves present with altered ECM composition and arrangement (16, 31) , so the use of ECM conditions to control VIC function has physiological relevance. However, a cursory examination of potential integrin involvement in these results revealed that a distinct correlation between the activation of specific integrins and calcification trends is unlikely (13) . For instance, VICs bind to both FN and FB primarily through the ␣ 5 ␤ 1 -receptor (11, 26) , yet the nodule formation and Rho inhibition results for VICs on FN and FB were strikingly different from each other. Regardless of specific integrin roles, however, the results in this work still clearly demonstrate that VIC nodule formation is strongly impacted by Rho pathway activity.
Although the findings herein provide evidence for a relationship between Rho pathway activity and VIC behaviors associated with valve calcification, there exist many limitations with respect to applying this work to understanding CAVD. As noted earlier, these experiments focused on the role of Rho signaling in VIC functions that may be indicative of calcification but are not directly equivalent to calcification. Moreover, although the formation of alizarin red S-positive nodules in VIC cultures is often characterized during in vitro investigations of factors involved in valve calcification (1, 2, 20, 47) , it is not known whether the formation of these nodules in two-dimensional culture environments is indeed directly relevant to the complex formation of calcific nodules that occurs in native diseased valves. Finally, although the focus of this investigation was the Rho/ROCK pathway, there exist many other potential avenues by which the specific culture environments examined herein may be stimulating VIC differentiation and nodule formation. From our own work on the subject, it is known that MAPK/ERK signaling is also significantly elevated in these nodule-forming environments (14) , wheras other factors, such as the sequestration of growth factors by the ECM or the differential production of cytokines that mediate VIC differentiation, are also likely to play a role in regulating VIC dysfunction.
In conclusion, the findings presented herein indicate that the Rho/ROCK signaling pathway plays a role in regulating the cellular events that are often associated with VIC calcification, including the differentiation of VICs into a myofibroblastic or osteoblastic phenotype. Blocking this signaling results in decreased nodule formation in VIC cultures, most likely via the inhibition of apoptosis and inhibition of VIC activation to a contractile, myofibroblast phenotype. Meanwhile, blocking the Rho pathway does not appear to inhibit calcification related to osteogenic mechanisms. Of course, the Rho pathway does not act in isolation. Many other pathways intersect with Rho, and other kinases work in parallel with ROCK to regulate contraction (60) . However, despite this simplified view of valve calcification, it is hoped that these results will help us to better understand the etiology of valvular disease and contribute to the development of potential treatments.
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